S pontaneouS subarachnoid hemorrhage (SAH) is a type of hemorrhagic stroke associated with high morbidity and mortality rates. As a result of improved diagnostic techniques and treatment modalities, case fatality rates have decreased significantly over the past 3 decades. 15 However, the reported mortality rate for aneurysmal SAH remains significant (35%), and one-third of survivors remain functionally dependent, even in the long term. 18 In clinical practice, early and accurate prediction of patient outcomes is essential for decision making (e.g., for the timing of aneurysm repair and the treatment of concomitant disorders). The initial neurological condition on admission has proven to be the strongest predictor of outcome; therefore, it was used in the development of several grading scales over the last several decades. 4 The first grading scale that became widely accepted was developed by Botterell et al.
Hess scale is still in use at many institutions, the World Federation of Neurosurgical Societies (WFNS) SAH grading scale 21 (eTable 1), introduced in 1988, is now regarded as the gold standard for initial clinical assessment. Nevertheless, there is room for improvement; 20% of patients with WFNS Grade V SAH recover without any important physical or cognitive deficits. 10 Therefore, making more accurate initial predictions of outcome after SAH remains a challenge.
The timing of clinical neurological assessment and subsequent grading of the patient are particularly subject to debate. 3, 6, 16, 17 Owing to the presence of acute hydrocephalus or a large intracerebral hematoma, initial grading of the patient may be significantly impaired. After emergency neurological resuscitation is achieved by CSF drainage and/or craniotomy to remove a clot, the clinical condition of the patient with SAH may improve dramatically, often with consequences for the subsequent treatment strategy. 8, 14 In 2007, Ransom et al. 17 reported that an improved clinical condition after CSF drainage is related to a better long-term outcome. In addition, Giraldo et al. 6 demonstrated that the WFNS grade after neurological resuscitation (rWFNS) was a better predictor of outcome than the WFNS grade on admission. Nevertheless, the design and small sample size of these studies hampers the drawing of firm conclusions. Therefore, the aim of this study was to identify either the traditional on-admission WFNS grade or the postresuscitation rWFNS grade as the most accurate predictor of outcome after SAH.
methods patients and inclusion criteria
Between January 1998 and December 2014, 1620 consecutive patients with a nontraumatic SAH were admitted to our university neurovascular center. All patients with SAH were considered eligible for this study: 1236 patients with saccular SAH, 101 patients with a fusiform aneurysm or an intracranial artery dissection, and 283 patients with a (perimesencephalic) nonaneurysmal SAH. Clinically relevant data were collected prospectively. The study was registered in our local trial register. Given the observational design of the study and the fact that treatment of the patients was given according to standard clinical care, our institutional review board decided, in accordance with Dutch regulations, that informed consent was not required.
treatment protocol
A standardized multidisciplinary protocol was applied to all patients with SAH admitted to our center. Before 2002, patients with SAH were subject to emergency digital subtraction angiography (DSA) within 12 hours after admission. From 2002 onward, all patients underwent immediate CT angiography (CTA), followed by DSA within 48 hours in the case of negative CTA results. All imaging studies were evaluated immediately by an interventional neuroradiologist and a vascular neurosurgeon. If an underlying aneurysm was detected, patients in good neurological condition on admission (WFNS Grade I, II, or III) were treated as soon as technically and logistically feasible by using endovascular coiling or neurosurgical clipping, preferably within 72 hours after the ictus. 20 In the meantime, patients who required CSF drainage underwent external lumbar or ventricular catheterization.
Patients in poor neurological condition on admission (WFNS Grade IV or V) were not immediately considered for aneurysm repair; instead, neurological resuscitation was instigated first. After placement of an external ventricular drain, patients were closely monitored on the intensive care unit. If their clinical condition improved, aneurysm repair was instigated. Patients with a spaceoccupying intracranial hematoma (e.g., due to a ruptured middle cerebral artery aneurysm) underwent immediate craniotomy, evacuation of the hematoma, and concomitant clipping of the aneurysm regardless of their clinical condition (unless they were moribund). These neurological resuscitation procedures were performed in the first 24 hours after the initial SAH. After the resuscitation, the best neurological score in the first 12 hours after the intervention was considered the rWFNS grade.
All patients who survived the initial treatment period visited our outpatient clinic 6 weeks (± 1 week) after discharge, if their clinical condition permitted. If their clinical condition did not permit them, information on their condition was obtained from their rehabilitation clinic or nursing home. Because a large majority of the patients had a hospital stay of approximately 3 weeks (end of vasospasm period), first-time follow-up was available 9 weeks (± 1 week) after ictus.
imaging
All available images of the included patients were reanalyzed by 2 reviewers (C.E.v.D. and N.A.B.) to reach agreement on the amount of blood shown on the initial CT scan according to the modified Fisher (mFisher) grade 5 (eTable 2) and the maximum diameter of the aneurysm. Imaging of the patients admitted before 2000 was not available for reevaluation. Although the radiological reports of these patients were available, their mFisher grade and maximum aneurysm diameter were considered unknown for this study. When it was not possible to identify the symptomatic aneurysm because the patient died before CTA or DSA could be performed (n = 21, all patients at Grade V), the aneurysm location was designated unknown.
data analysis
The following data were collected prospectively: date of ictus; age at time of SAH; sex; history of SAH; presence of hypertension; use of a platelet inhibitor or a vitamin K antagonist; the WFNS grade on initial in-hospital assessment; the rWFNS grade; symptomatic aneurysm size, morphology, and location; amount of blood on the initial CT scan; presence of acute hydrocephalus that required initiation of CSF drainage within 24 hours after ictus; type and time of aneurysm repair; and early rebleeding. If it was not possible to identify the symptomatic aneurysm because of multiple aneurysms (n = 22), the largest aneurysm was selected for analysis. When a patient died before CTA or DSA could be performed (n = 21), the aneurysm was considered in the analysis to be of aneurysmal origin with unknown location and size. Hypertension was defined as systolic blood pressure of > 140 mm Hg or diastolic blood pressure of > 90 mm Hg during recent measurements or controlled using antihypertensive drugs. Age of the patient and the location and size of the symptomatic aneurysm were classified according to the recently published PHASES study. 7 The amount of blood was classified according to the mFisher Scale. Aneurysm morphology was categorized as 1) saccular, 2) fusiform, 3) intracranial artery dissection, or, in the case of a nonaneurysmal SAH, 5) nonaneurysmal or perimesencephalic. A rebleeding of the ruptured aneurysm was defined as a sudden clinical deterioration with a concomitant increase of subarachnoid, intracerebral, or intraventricular blood shown on the subsequent CT scan or when similar signs and symptoms occurred without CT confirmation.
outcome measure
The primary outcome measure was poor functional outcome 2 months after the SAH according to the modified Rankin Scale (mRS) score, as assessed by the treating vascular neurosurgeon at follow-up outpatient clinic contacts. 23 A poor functional outcome was defined as an mRS score of 4-6 (eTable 3).
statistical analysis
The data were complete for all covariates except for aneurysm size (13% missing), mFisher grade (9% missing), and aneurysm location (1% missing). For these missing covariate data, multiple imputation (15 data sets) was performed with the linear regression method (multivariate analyses). Categorical data are presented as numbers and percentages, and continuous variables are presented as means with standard deviations or medians with interquartile ranges (IQRs), depending on normality of the data.
The association between the WFNS and rWFNS grades and poor outcome was evaluated using binary logistic regression analysis. After univariate analyses, all clinically relevant covariates with a p value of ≤ 0.15 were entered in the initial multivariate model. A backward stepwise elimination strategy was applied to estimate the odds ratios (OR) with a cutoff point of < 0.05 for inclusion in the final model. Results are presented as ORs with corresponding 95% confidence intervals (CIs). Sensitivity analysis was performed by multivariate logistic regression analysis excluding patients for whom data were missing (complete case analysis).
The discriminative performance of the final model was calculated by a pooled area under the receiver operating characteristic curve (AUC) with a corresponding 95% CI. An AUC of > 0.8 was regarded to indicate a model with good prognostic value.
A 2-tailed p value of < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS (version 22.0) and GraphPad Prism (version 6.00 for Windows, GraphPad Software).
results baseline patient characteristics
Baseline patient characteristics are shown in Table 1 . A majority (62%) of the patients were female, and the median age was 55 years (IQR 46-65 years). In 1247 (78%) patients, a symptomatic or multiple aneurysms were detected, whereas SAH was considered perimesencephalic or nonaneurysmal in 283 (17%) patients. In patients with a symptomatic aneurysm, the anterior cerebral artery was involved most frequently (33%), followed by the middle cerebral artery (18%). In 198 (12%) patients, a space-occupying intracranial hematoma was present. Hydrocephalus that required acute CSF drainage (within 24 hours after ictus) was present in 362 (22%) patients. Aneurysm repair was performed in 79% of the patients with aneurysmal SAH. In 38 patients, acute craniotomy for the evacuation of a space-occupying intracranial hematoma was performed. The distribution of WFNS and rWFNS grades is presented in Fig. 1 left, which illustrates the shift for patients at WFNS Grade IV or V on initial in-hospital assessment to a lower WFNS grade after resuscitation. In the end, 106 (27%) of the 400 patients were in improved neurological condition after the resuscitation.
Baseline patient characteristics in the 3 consecutive time frames (1998-2003, 2004-2009, and 2010-2014) are shown in eTable 4. In recent years, the age of the patients has increased, as has the number of patients at WFNS Grade V on admission. Also, a change in the type of treatment was observed, with patients increasingly being treated endovascularly.
Despite the observed increasing age and percentage of patients at WFNS Grade V on admission, outcomes remained the same throughout the different time frames (eTable 5).
outcome
Two months after the initial SAH, 52 (3.2%) of the 1620 patients were lost to follow-up. Of the remaining 1568 patients, 394 (25%) had a poor outcome (mRS Score 4-6), and the mortality rate was 17% ( Table 2 ). The distribution of WFNS grades related to poor outcome is depicted in Fig. 1 right. The percentage of patients with a poor outcome was higher in those with an rWFNS grade of V than in those with an admission WFNS grade of V (74% vs 67%, respectively; p < 0.001, chi-square test). Table 3 shows the logistic regression analysis results. After univariate analysis, both the WFNS and rWFNS grades were associated with poor functional outcome after 2 months. After adjustment for other significant variables in the univariate analysis, the rWFNS grade remained an independent predictor (p < 0.001), whereas the admission WFNS grade was no longer significantly associated with poor outcome. When the rWFNS grade was excluded from the multivariate analysis, the WFNS remained significantly associated with poor outcome (p < 0.001; data not shown). Other independent predictors of poor outcome were higher age (p < 0.001), larger aneurysm size (p < 0.001), a higher mFisher grade (p < 0.001), and the presence of an intracerebral hematoma (OR 1.8, 95% CI 1.2-2.8; p = 0.002). No significant differences in outcome were observed between patients treated endovascularly and those treated by neurosurgical clipping (OR 0.9, 95% CI 0.6-1.2; p = 0.36).
Sensitivity analysis for outcome after 2 months with the original database including missing covariates (complete case analysis) showed essentially the same results (eTable 6).
model performance
Regarding discriminative value, the predictive model derived from the multivariate logistic regression analysis resulted in a pooled AUC of 0.87 (95% CI 0.85-0.89; p < 0.001 [ Fig. 2] ).
discussion
In this study, we found that, for the most accurate prediction of outcome after SAH, clinical assessment should be performed after neurological resuscitation. Other predictors in our final model were age, aneurysm size, amount of blood on the initial CT scan, and the presence of an intracranial hematoma.
The rWFNS grade determined in the clinical assessment was identified as the strongest predictor of outcome. The superiority of the rWFNS over the admission WFNS grade on admission is rather easy to understand; after "resuscitation" of the patients by CSF drainage or acute craniotomy, only the patients at a truly poor grade remain in this category (Fig. 1 right) . The negative predictive values of a space-occupying intracerebral hematoma, age, aneu- rysm size, and amount of blood on the initial CT scan have been documented before in rather small series but have not always been adjusted for all covariates.
2,9
Because the amount of subarachnoid blood on the initial CT scan as categorized by mFisher grade is an independent predictor, among others, the severity of SAH is not represented by the neurological condition alone. Besides the association between mFisher grade and poor outcome because of the increased incidence of delayed cerebral ischemia, 5 the higher incidence of rebleeding in patients with a mFisher Grade 3 or 4 also might add to the increased risk. 22 In our study population, the percentage of patients with poor outcome may be considered relatively low 18 because of the inclusion of patients with perimesencephalic SAH. Also, in the 1990s, patients with SAH in very poor clinical condition were not always immediately referred to our hospital, leading to an underestimation of the true mortality rate, especially in Time Frame 1. At first glance, it seemed that outcomes after SAH did not improve during the subsequent time frames (eTable 5). However, when we take a closer look at eTable 4, we find an increasing number of patients in poor neurological condition who were actively being treated, resulting in a significantly larger proportion of patients at WFNS Grade V in the last 2 time frames. In addition, although the patients were older over the past few years, outcomes remained the same, which reflects the advances made at our center in the management of patients with SAH.
Recently, Sano et al. 19 made a plea for revision of the original WFNS grading scale. Their proposed modified WFNS removed the neurological deficit from the scale and instead discriminated between Glasgow Coma Scale scores 13 and 14. This change was supposed to lead to an overall stronger prediction value for outcome, which would especially result in better discrimination between Grades II and III as they pertain to outcome. It is unfortunate that the differences in outcome between patients at Grade III and those at Grade IV failed to be significant in this study, resulting in less accurate discrimination between patients at a low WFNS grade and those at a higher grade. In addition, as already noted by Wang and Heros, 24 the presence of serious focal neurological deficits is unquestionably important for clinical outcome, and this was confirmed by our study; patients with WFNS Grade III SAH had a twice-as-high risk of poor outcome as those with WFNS Grade II SAH. In addition, when the rWFNS grade was omitted from the multivariate analysis, the admission WFNS grade emerged as most important predictor in the final model, with gradually ascending odds ratios for each individual grade. In this respect, we agree with Wang and Heros 24 and argue for the use of the original WFNS scale, but only with the assessment of clinical condition after resuscitation.
An important strength of the present study is the accuracy of the model in predicting outcome, because the discriminative value of our model is substantially higher than that of previous models. 12 Furthermore, the model was based on a large and representative group of all types of patients with spontaneous SAH, and only a minimal percentage of patients were lost to follow-up.
Some limitations of our study also need to be ad- dressed. First, our prospectively kept cohort was analyzed retrospectively. Therefore, covariates that have been linked to outcome (e.g., laboratory parameters) could not be analyzed. However, it was our intention to develop a "bedside" grading system. Second, although the use of multiple imputation might be considered a weakness, imputing data is a validated and nowadays frequently used method for accounting for missing data. 13 Last, in patients who underwent immediate craniotomy for the evacuation of a space-occupying hematoma, the aneurysm was invariably treated concomitantly. In such cases, the prognostic value of the rWFNS grade regarding decision making might be considered of less value, because the rWFNS grade was assessed after aneurysm repair and treatment has already been performed. However, in other neurovascular centers, aneurysm repair is not necessarily performed during surgical evacuation of the hematoma but, rather, endovascularly after improvement of the clinical condition of the patient. In these cases, the rWFNS grade is still of contributing value in the decision-making process.
conclusions
Clinical assessment should be performed after neurological resuscitation for the most accurate prediction of outcome. The rWFNS grade should be used in further research and clinical practice, which might significantly aid decision making at the early stage and provide more accurate information for patients and their relatives. 
